[1] Understanding the effects of global climate change on regional air quality is central in future air quality planning. We report here on the use of the Goddard Institute for Space Studies (GISS) , À34.2%), and PM 2.5 (À0.87 mg m À3 , À20.4%). Nitrate concentrations are overpredicted in the western United States (west of 95°W) with a NMB of +75.6% and underestimated in the eastern United States with a NMB of À54.4%. Special attention is paid to biogenic secondary organic aerosol (SOA). The highest predicted seasonal mean SOA concentrations of 1-2 mg m À3 and 0.5-1.5 mg m À3 are predicted over the northwestern and southeastern United States, respectively, in the months of June-July-August. Isoprene is predicted to contribute 49.5% of the biogenic SOA burden over the United States, with the rest explained by the oxidation of terpenes. Predicted biogenic SOA concentrations are in reasonable agreement with inferred SOA levels from IMPROVE measurements. On an annual basis, SOA is predicted to contribute 10-20% of PM 2.5 mass in the southeastern United States, as high as 38% in the northwest and about 5-15% in other regions, indicating the important role of SOA in understanding air quality and visibility over the United States.
Introduction
[2] Understanding the effects of global climate change on regional air quality is central in future air quality planning. The principal change in global climate will be driven by greenhouse gases, although ozone and aerosol levels will be affected by, and will affect, future climate, which is simulated by general circulation models (GCMs). While some GCMs do contain detailed treatments of gas phase chemistry and aerosols [e.g., Liao et al., 2006] , a strategy based on using a GCM focused on representing meteorological processes to drive an atmospheric chemical transport model (ACTM) is ideally suited to evaluate effects of climate change on air quality. As a prelude to such studies, it is important to establish the ability of the GCM/ACTM combination to replicate present climatological air quality.
[3] In the present work we employ the Goddard Institute for Space Studies (GISS) GCM III with high temporal resolution meteorological fields to drive the GEOS-CHEM global atmospheric chemical transport model, a state-of-the-science global model of atmospheric composition (http://www.as.harvard.edu/chemistry/trop/ geos). The GEOS-CHEM simulations of ozone, sulfate/ nitrate/ammonium, and carbonaceous aerosols driven by NASA/GEOS assimilated meteorological data have been evaluated extensively in the United States with surface and airborne observations [Fiore et al., 2002 [Fiore et al., , 2003 Li et al., 2002 Li et al., , 2004 Park et al., 2003 Park et al., , 2004 Park et al., , 2006 . The interface of GISS GCM III with GEOS-CHEM and the simulation of present-day ozone are reported by Wu et al. [2007] . The present work represents the first simulation of aerosols using this GISS GCM III/GEOS-CHEM model.
[4] The goal of this work is to simulate climatological present-day aerosol levels over the United States using the GISS GCM III/GEOS-CHEM combination and compare these to available surface data. We focus especially, but not exclusively, on the organic portion of the aerosol. Organic aerosol (OA) is a significant constituent of particulate matter (PM) globally and in the United States [U.S. Environmental Protection Agency, 2004] . Primary OA (POA) refers to OA emitted directly into the atmosphere, whereas secondary OA (SOA) is formed in the atmosphere upon oxidation of a number of volatile organic compounds (VOC) [Seinfeld and Pankow, 2003] . Both anthropogenic and biogenic VOCs are precursors to SOA; on a global scale, biogenic hydrocarbons are estimated to be the predominant source [Tsigaridis and Kanakidou, 2003; Lack et al., 2004; Kanakidou et al., 2005] . In the present work we focus on biogenic SOA. It should be noted that anthropogenic VOCs, especially aromatic hydrocarbons, have recently been suggested as possibly playing a role as a source of SOA at the regional scale [de Gouw et al., 2005] . An evaluation of the contribution of aromatic VOCs to SOA over the United States will be the subject of forthcoming work.
[5] There have been a number of modeling studies that simulate SOA regionally [Andersson-Sköld and Simpson, 2001; Griffin et al., 2002; Heald et al., 2005] and globally [Chung and Seinfeld, 2002; Derwent et al., 2003; Tsigaridis and Kanakidou, 2003; Bonn et al., 2004; Lack et al., 2004; Tsigaridis et al., 2005; Henze and Seinfeld, 2006] . The modeling approach and hydrocarbons considered in these studies are listed in Table 1 . Most studies considered only biogenic SOA from the oxidation of terpenes and did not account for the formation of SOA from isoprene when the models were used to interpret and understand measured OA concentrations in the atmosphere. Tsigaridis et al. [2005] included isoprene as a source of SOA with an oversimplified approach of a constant yield. Although Henze and Seinfeld [2006] simulated global SOA burden with SOA formation from isoprene, they did not apply the model to examine organic aerosols over the United States.
[6] In this work we investigate biogenic SOA over the United States accounting for the formation of SOA from the oxidation of both terpenes and isoprene. We begin with a description of the model in section 2. In section 3.1, organic aerosol levels simulated by the GEOS-CHEM model driven by meteorology from the GISS GCM III are evaluated using surface measurements from the Interagency Monitoring of Protected Visual Environments (IMPROVE) network. We study the sensitivity of SOA formation to predicted POA concentrations and examine the predicted contribution to SOA by different biogenic VOC classes. Predicted inorganic aerosol levels are evaluated against IMPROVE data in section 3.2. The predicted contribution of SOA to fine aerosol mass is investigated in section 3.3.
Model Description

GISS GCM/GEOS-CHEM Model
[7] We simulate aerosols using the chemical transport model , http://www.as.harvard. edu/chemistry/trop/geos/index.html) driven by meteorological fields from the GISS GCM III, which is an updated version of the GCM used by Rind et al. [1999] . The GCM and the GEOS-CHEM models have horizontal resolution of 4°latitude by 5°longitude, with 23 vertical layers extending from the surface to 0.002 hPa ($85 km altitude). Archived GCM data for GEOS-CHEM include 6-hour averages of winds, convective mass fluxes, temperature, humidity, cloud optical depths, and cloud fractions, as well as 3-hour averages of mixing depths and surface variables (precipitation, winds at 10-m altitude, temperature, albedo, and solar radiation).
[8] The GEOS-CHEM includes a fully coupled treatment of tropospheric ozone-NO x -VOC chemistry and sulfate/ nitrate/ammonium, black carbon (BC), and OA. Chemical tracers in version 7.3.3 of the GEOS-CHEM are listed in Table 2 . Simulation of black carbon and POA in GEOS-CHEM is described by Park et al. [2003] and the implementation of sulfate/nitrate/ammonium is described by Park et al. [2004] . Aerosol and gas phase simulations are coupled through formation of sulfate and nitrate, heterogeneous chemistry, aerosol effects on photolysis rates [Martin et [Evans and Jacob, 2005] and irreversible absorption of NO 3 , NO 2 and HO 2 on wet aerosols [Jacob, 2000] . We do not consider sea salt and mineral dust aerosols in this work; heterogeneous reactions occur only on surfaces of sulfate, BC, and OA. Partitioning of total ammonia and nitric acid between the gas and aerosol phases is calculated using the ISORROPIA thermodynamic equilibrium model [Nenes et al., 1998 ].
Simulation of SOA Formation
[9] Formation of SOA in the GEOS-CHEM model is predicted based upon rate constants and aerosol yield parameters determined from laboratory chamber studies [Seinfeld and Pankow, 2003] . SOA formation from isoprene photooxidation follows the work of Henze and Seinfeld [2006] , which is based on chamber experiments of reaction of isoprene with OH at low NO x condition [Kroll et al., 2006] . Simulation of SOA from monoterpenes and other reactive VOCs (ORVOCs) is described by Chung and Seinfeld [2002] ; for computational efficiency we have reduced the number of tracers from 33 in that work to 9 by lumping oxidation products together. As in the work by Chung and Seinfeld [2002] , monoterpenes and ORVOCs are divided into five hydrocarbon classes (listed in Table 2) according to the values of their experimentally measured aerosol yield parameters [Griffin et al., 1999a] . In this study, each of the hydrocarbon classes I, II and IV is treated as a tracer, while classes III and V are diagnosed at each time step based on emissions. Hydrocarbon classes III and V are not transported in the model because of their high reactivity. For each of the first four primary reactive hydrocarbon classes, there are three oxidation products, two for combined O 3 and OH oxidation and one for NO 3 oxidation. In the case of hydrocarbon class V (sesquiterpenes), only two products are required (one for combined O 3 and OH oxidation and one for NO 3 oxidation). All products are semivolatile and partition between the gas and aerosol phases, leading to a total of 28 oxidation products. During chemistry simulation, the chemical reactions and the number of SOA-related species in the GEOS-CHEM are exactly the same as those of Chung and Seinfeld [2002] . When the chemistry calculation is finished, the gas phase products from the oxidation of hydrocarbon classes I, II, and III are lumped into one tracer, because they will have the same behavior during transport since they are assumed to have the same molecular weight and Henry's law constant. The mass ratios of the individual oxidation products to the total mass of lumped products in each grid cell are then used to partition the tracer back into individual products before the chemistry simulation of the next time step. Similarly, we aggregate all the aerosol phase products from the oxidation of hydrocarbon classes I, II, and III into one tracer, and treat the gas phase and aerosol phase oxidation products from each of hydrocarbon group IV, hydrocarbon group V, and isoprene as one tracer. The composition of each tracer is given in Table 2 .
Dry and Wet Deposition
[10] The wet deposition scheme for aerosols follows that of Liu et al. [2001] , which includes scavenging in convec- [Griffin et al., 1999a] . Each of the hydrocarbon classes I, II, and IV is treated as a tracer, while classes III and V are diagnosed at each time step based on emissions. Hydrocarbon classes III and V are not transported in the model because of their high reactivity.
f Hydrocarbon class III includes a-terpinene, g-terpinene, and terpinolene. g Hydrocarbon class V includes sesquiterpenes.
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LIAO ET AL.: BIOGENIC SECONDARY ORGANIC AEROSOL tive updrafts, rainout and washout from convective anvils and large-scale precipitation, and return to the atmosphere following evaporation. It has been extended to predict wet deposition of soluble gases on the basis of effective Henry's law partitioning in warm clouds, retention efficiency upon droplet freezing in mixed clouds, and surface coating or cocondensation of ice crystals in cold clouds [Mari et al., 2000] [Wesely, 1989] and implemented as described by Wang et al. [1998] .
Emissions
[11] Park et al. [2003] . Biomass burning emissions of BC and POA are calculated using the global biomass burning inventory of Duncan et al. [2003] . We assume that 80% of BC and 50% of POA emitted from all primary sources are hydrophobic [Cooke et al., 1999; Chung and Seinfeld, 2002] . Annual distributions of POA emissions from fossil fuel, biomass burning, and biofuel over the United States are shown in Figure 1 .
[12] We calculate global monoterpene and isoprene emission fluxes using the formulations of Guenther et al. [1995] . The emission scheme uses a global surface type of Olson [1992] that distinguishes among 56 ecosystems. Guenther et al. [1995] assigned to each of the 56 ecosystems a base monoterpene (or isoprene) emission flux per unit leaf area at 30°C for a photosynthetically active radiation flux of 1000 mmol m À2 s
À1
. The emissions of monoterpenes (or isoprene) are then calculated based on vegetation type, monthly adjusted leaf area index, and locally predicted temperature and radiation. The calculation of leaf area index follows the treatment in Wang et al. [1998] . Predicted present-day global monoterpene emission of 117 Tg C yr À1 agrees closely with the 127 Tg C yr À1 reported by Guenther et al. [1995] . Our predicted global isoprene emission of 418 Tg C yr À1 is lower than the 506 Tg C yr À1 estimated by Guenther et al. [1995] and close to the lower end of the isoprene emission range of 441 -662 Tg C yr À1 calculated by Model of Emissions of Gases and Aerosols from Nature (MEGAN) in the work of Guenther et al. [2006] . Monthly emission inventories of biogenic ORVOCs are taken from the Global Emissions Inventory Activity (GEIA). To obtain the instantaneous emission rates of ORVOCs, monthly averages are scaled by the solar zenith angle. Geographical distributions of annual biogenic emissions of monoterpenes, ORVOCs, and isoprene over the United States are given in Figure 2 . The splitting of monoterpenes and ORVOCs into the five hydrocarbon classes was described by Griffin et al. [1999b] .
Simulated Aerosols Over the United States
[13] Predicted ozone and its precursors in the GISS/ GEOS-CHEM model are presented and evaluated by Wu et al. [2007] . We focus here on simulated aerosol concentrations over the United States, and evaluate predictions of all aerosol species by comparisons with IMPROVE measurements. Since the GCM simulates a representative ensemble of possible meteorological years, we average the GCM/GEOS-CHEM predictions over a 3-year period following 6 months of initial spin-up. The IMPROVE measurements over years 2001 -2003 Figure 3 presents predicted present-day seasonal and annual mean surface layer POA and SOA concentrations over the United States. POA in the GEOS-CHEM model is simulated as carbon mass, which is converted to organic mass using a factor of 1.4 to be consistent with the assumption used for converting IMPROVE measurements. POA concentrations are generally higher in the eastern than in the western United States. Over the eastern United States, the highest POA concentrations of about 3 mg m À3 are predicted to occur in September -October -November (SON) and December -January -Februrary (DJF), reflecting the seasonal variation of fossil fuel and biofuel emissions. In the western United States, POA concentrations can reach about 1 mg m À3 in summer because of the seasonal maxima of forest fires in May-September.
[15] With the largest biogenic emissions occurring in June -July -August (JJA), SOA concentrations of 0.5-2 mg m À3 are predicted over the southeastern and northwestern United States, while levels of 0.5-1.0 mg m À3 are predicted over the northeast and north central part of the country. SOA is predicted to contribute 50 -75% of OA in the western and southern United States and 25-50% of OA in other regions in JJA (Figure 3c ). In DJF, SOA to OA ratios are generally predicted to be smaller than 10%, except for the ratios of 10-20% near the southern borders. Predicted SOA to OA ratios in JJA in the Northeast agree with those of Millet et al. [2005] , who determined that, on average, 37% of OA is secondary in origin during summer based upon measurements from the Pittsburgh Air Quality Study (PAQS) during year 2002. The predicted winter SOA to OA ratios of less than 10% are, however, lower than the 16% reported by Millet et al. [2005] .
[16] To study the vertical distributions of POA and SOA over the United States, we show in Figure 4 for DJF and JJA the altitude-latitude plots of POA concentration, SOA mass, and the ratio of SOA to OA that are zonally averaged over 130°-65°W. POA concentrations drop rapidly with height in both DJF and JJA. As a result of the strong convection in hot seasons, POA can reach higher altitude in JJA than in DJF. Although SOA concentrations are very small in DJF, SOA is predicted to account for more than 50% of OA above 6 km altitude in winter over the United States. SOA concentrations are predicted to be larger than those of POA in the middle to high troposphere in JJA. SOA at high altitudes results from the transport of gas phase oxidation products to the upper troposphere, where colder temperatures favor condensation of the semivolatile gases into the aerosol phase.
Comparisons of Predicted Organic Aerosol Concentrations with Measurements
[17] Figure 5 compares predicted OA (POA + SOA) concentrations with IMPROVE measurements for the four seasons. Simulated and measured OA concentrations at each IMPROVE site are given in Tables 4 and 5 . It is seen that the model largely reproduces the geographical distributions of OA (Figures 5a and 5b) . Over the eastern United States (east of 95°W), predicted OA concentrations agree closely with measurements in DJF, March -April -May (MAM), but OA levels are underpredicted in JJA and overestimated in SON (Figure 5c ). Annual mean OA concentrations over the eastern United States have a mean bias (MB) of À0.31 mg m À3 and a normalized mean bias (NMB) of À14.7% (Table 6 ) as compared with the IMPROVE measurements. OA concentrations in the western United States (west of 95°W) are underestimated in DJF, MAM, and SON, which correlates with the underprediction of BC concentrations in the same region (see section 3.3), suggesting that the emissions of POA over the western United States may be underestimated. Performance in predicting OA in the western United States improves in summer when SOA concentrations are the highest. Predicted annual mean OA concentrations in the western United states have a MB of À0.66 mg m À3 and a NMB of À44.8% (Table 6 ).
[18] The underestimation of OA was also found in the GEOS-CHEM simulation driven by NASA/GEOS assimilated meteorological fields [Park et al., 2003] . Assuming a 10% yield of SOA from monoterpenes and using the same POA emissions inventories as those used in this work, Park et al. [2003] reported that the predicted annual mean OA (POA + SOA) concentrations are about 25% lower than the IMPROVE measurements for the year of 1998. The slopes of the regression lines in Figure 5 indicate that the predicted OA concentrations in this work exhibit larger low bias than those of Park et al. [19] Ambient measurements of OA generally do not distinguish between POA and SOA. One commonly used approach for estimating the relative contributions of POA and SOA to measured particulate OA is to use BC as a tracer [e.g., Turpin and Huntzicker, 1995; Strader et al., 1999; Lim and Turpin, 2002; Polidori et al., 2006] . This method needs to determine first OA to BC ratio based on a large data set for the times when secondary formation is unlikely, and then concentration of SOA is estimated by the ambient OA to BC ratio that is elevated above that ratio representing no SOA formation. We adopt this approach here to estimate the split of measured OA by assuming that no SOA formation occurs in the month of January and that POA exhibits the same seasonal variation as that of BC. Doing so, we approximate the measured POA and SOA in the ith month of the year by
where M represents the IMPROVE measured value. Note that this method of splitting measured OA between POA and SOA could cause errors. SOA will be underestimated in southern part of the country where some biogenic SOA forms in winter. In urban areas, M OA in equations (1) and (2) [20] With these approximations, we compare in Figure 6 the seasonal variations of measured and simulated POA and SOA at 10 sites that are located within or near regions with large biogenic SOA concentrations in summer. A substantial fraction of measured OA in summer is calculated to be SOA at all sites except at Breton, Louisiana. As mentioned above, the treatment based on equations (1) and (2) (Figure 5c ) suggest that the POA emissions there may be underestimated. Since SOA is assumed to condense on POA particles, and therefore that the mass of SOA depends on that of POA, inaccuracy in POA concentrations will influence predicted SOA formation. To study the sensitivity of SOA formation to POA concentrations, we assume an across the board 25% increase in POA emissions in a sensitivity simulation. With a 25% increase in POA emissions, POA concentrations throughout the United States are, as expected, about 25% percent higher than those in the baseline simulation. However, SOA formation responds nonlinearly to the increased POA.
When POA concentrations are increased by about 25%, surface layer SOA formation is predicted to increase by 10-15% in the southeastern United States, and by less than 6% over the states of Washington and Oregon, where SOA formation is the most significant in the baseline simulation. The low sensitivity of SOA concentrations to POA emis- sions in the western United States suggests that the underprediction of OA, at least in part, comes from an underestimation of POA emissions. With SOA formation increased in the lower layers in the sensitivity simulation, less gas phase oxidation products are available to be transported to the upper troposphere, leading to reduced SOA formation in the middle to upper troposphere. This is reflected in the changes of global burdens of POA and SOA; compared with the baseline simulation, a 25% increase in POA emissions in the sensitivity study changes the global POA burden by +24% but increases the global SOA burden by less than 1%.
Contributions of Different Parent Hydrocarbon Classes to SOA Formation
[22] Figure 7 presents surface layer annual mean fraction of total SOA mass formed from the oxidation of each of hydrocarbon classes I-III, class IV, class V, and isoprene. SOA formation from classes I -III is predicted to account for 60 -75% of total SOA over the northwestern and northeastern United States where emissions of monoterpenes and ORVOCs are larger than those of isoprene. Isoprene is predicted to contribute about 60-75% of SOA in the southwestern United States. Over the southeast United States, hydrocarbon classes I -III and isoprene are both the major sources of SOA; classes I -III and isoprene account for 35-40% and 30-35% of SOA formation there, respectively. Each of hydrocarbon classes IV and V is predicted to contribute less than 20% of SOA formation throughout the United States.
[23] Table 7 lists the contribution of each class of reactive hydrocarbons to the predicted SOA burden over the United States and, for comparison, to the global SOA burden. Isoprene has the largest contribution of 49.5% to SOA burden over the United States, followed by a 39.5% contribution from hydrocarbon classes I-III, 5.7% from class V, and 5.3% from class IV. Oxidation products of isoprene are transported to higher altitudes or more remote sites than those of other reactive hydrocarbons [Henze and Seinfeld, 2006] . As a result, SOA from isoprene can exist at high latitudes and remote sites, which explains the proportionately larger predicted contribution (58.2%) of SOA from isoprene to the global SOA burden.
Predicted Inorganic Aerosols and Fine PM Mass
[24] It is important to evaluate present-day climatological predictions of sulfate, nitrate, BC, and PM 2.5 mass concentrations, as these will play an important role under future climate conditions. Since the IMPROVE data do not include direct measurements of ammonium, PM 2.5 mass is calculated as [Malm et al., 1994] 
where 1.37 and 1.29 are factors used for converting the IMPROVE measured SO 4 2À and NO 3 À ions to concentrations of ammonium sulfate and ammonium nitrate, respectively. Mineral dust aerosol is not considered here, so there is an inherent underestimate of PM 2.5 mass over the western United States where mineral dust is an important aerosol component. À ]), BC, and PM 2.5 mass concentrations, as well as scatterplots of simulated versus observed annual mean concentrations for these species and PM 2.5 . The spatial pattern of sulfate is reproduced well with a correlation coefficient R of 0.95, but sulfate concentrations are generally underpredicted, with a NMB of À32.4% in the western and of À21.6% in the eastern United States (Table 6 ). Predicted nitrate concentrations in the western United States are on average 75% higher than the measurements with a few cases up to an order of magnitude higher, while nitrate in the eastern United States is underpredicted with a NMB of À54.4% (Table 6 ). Nitrate aerosol concentrations are strongly dependent upon factors such as O 3 ÀNO x chemistry, heterogeneous reactions, thermodynamic interaction with sulfate and ammonium, and emissions of NO x , sulfur, and ammonia [Adams et al., 1999; Liao et al., 2003 Liao et al., , 2004 . The high degree of nonlinearity inherent in the coupling of these processes precludes any simple assessment of the discrepancy between modeled and observed nitrate concentrations. Further more, bias intrinsic in the IMPROVE nitrate measurements could also influence the evaluation of the model performance. Ames and Malm [2001] compared the measurements from the IMPROVE network with those from the Clean Air Status and Trends Network (CASTNET) and reported that, while observed differences between sulfate concentrations reported by the two monitoring networks are generally small, nitrate concentrations from the CASTNET are 40% higher in the western United States and 56% higher in the interior desert/mountain region. They found that higher NO 3 À concentrations observed by the CASTNET in the western United States resulted from the enhanced coarse-particle NO 3 À collection efficiency in the non-sizeselective CASTNET sampler. As mentioned earlier, this study does not include the simulation of mineral dust and hence no heterogeneous reactions on dust particles. If we accounted for mineral dust uptake of gas phase HNO 3 , fine nitrate concentrations would have been reduced largely to agree more closely with the fine nitrate mass measured by the IMPROVE network.
[26] The NMB of predicted BC is À24.2% in the western and +28.7% in the eastern United States (Table 6 ). Over the western United States, the underprediction of BC agrees with that of predicted POA, indicating a possible low bias in emissions of POA and BC. The model's performance in predicting mass concentrations of PM 2.5 in the eastern United States is governed by that of sulfate aerosol. In the western United States, the model's low biases in predicting sulfate and BC are offset by the high bias in simulating nitrate. As a result, the model underpredicts PM 2.5 with a NMB of about 20% in both the western and eastern United States (Table 6 ). The regression line for PM 2.5 has a slope of 0.77 and a correlation coefficient of 0.84 (Figure 8c ). Note again that the absence of mineral dust in this study may have contributed to the underprediction of PM 2.5 mass in the western United States.
[27] Comparisons of measured versus predicted seasonal variations of sulfate, nitrate, BC, and PM 2.5 are shown in Figure 5 . At most sites, measurements and model predictions exhibit maximum sulfate concentrations in summer and maximum nitrate levels in winter. Peak sulfate concentrations in JJA at Lye Brook Wilderness in Vermont and Washington D. C. are underestimated. At the southeastern sites of Caney Creek and Great Smoky Mountains, peak sulfate concentrations are predicted to occur in SON, which may be caused by uncertainties in the seasonal variation of emissions. At the western sites, seasonal variations are reproduced well, but sulfate concentrations are generally underestimated. Predicted nitrate concentrations agree fairly well with measurements at most sites; concentrations at Washington D. C. are underestimated and the predicted seasonal variation at Mount Hood is out of phase with that of measurements.
[28] Since the GISS GCM/GEOS-CHEM interface is built for predicting the effect of future climate change on air quality, a question one would ask is how the uncertainties associated with the GISS GCM meteorological fields influence the predicted atmospheric components. Wu et al [2007] have shown that the GISS GCM fields provide a simulation of tropospheric ozone and its precursors that is consistent with the simulations driven by NASA/GEOS assimilated meteorological data for year 2001 (GEOS-3 and GEOS-4). Aerosols differ from the gas phase species in that predicted concentrations of aerosols are very sensitive to precipitation/wet deposition. We evaluate in Figure 9 the model's performance in predicting wet deposition by comparing the predicted wet deposition fluxes of SO 4 2À ion 2À with a slope of 1.02 and a correlation coefficient of 0.86, reflecting the accurate representation of wet deposition by the model.
Contribution of SOA to Fine PM Mass Over the United States
[29] Comparisons between predicted annual mean concentrations of SOA (Figure 3 ) and those of measured sulfate, nitrate and BC (Figure 8 ) indicate that SOA is significant even on an annual mean basis. In the southeastern United States, predicted annual mean SOA concentrations of about 1 mg m À3 are about the same as measured nitrate concentrations and exceed measured BC levels. In the western United States, predicted annual mean SOA concentrations of about 0.4 -0.7 mg m À3 are comparable to measured values of nitrate and BC, except that SOA levels are lower than measured nitrate concentrations over southern California.
[30] The importance of SOA aerosol can also be seen in Figure 6 . In summer, predicted SOA concentrations are comparable to those of nitrate and BC at the three northeastern sites (Arcadia National Park in Maine, Lye Brook Wilderness in Vermont, and Washington, DC, Figures 6a -6c ), and they are as abundant as POA and higher than levels of BC and nitrate at three southeastern sites in the states of Louisiana, Arkansas, and Tennessee (Figures 6d-6f) . At the three western sites (Mount Hood in Oregon and Mount Rainier National Park and Snoqualamie Pass in Washington) shown in Figures 6g -6j , SOA concentrations are predicted to exceed those of sulfate, nitrate, or BC in June-September.
[31] Figure 10a shows the annual mean ratios of predicted concentrations of SOA to those of predicted fine (PM 2.5 ) aerosol mass. On an annual basis, SOA is predicted to contribute to PM 2.5 mass by 10-20% in the southeastern, as high as 38% in the northwestern, and about 5 -15% in the rest of the United States. Although PM 2.5 concentrations are underpredicted by about 20% over the United States (Table 6 ), SOA to PM 2.5 ratios still indicate the importance of SOA.
[32] Ratios of SOA to PM 2.5 exhibit large seasonal variations. On the basis of the predicted monthly aerosol concentrations at the 10 sites shown in Figure 6 , the seasonal variations of the ratios of SOA to PM 2.5 are calculated and presented in Figure 10b . As expected, ratios of SOA to PM 2.5 are highest in the months of JuneSeptember, with SOA contributing to 5 -25% of PM 2.5 mass at most of these 10 sites. The SOA to PM 2.5 ratios of about 0.5 -0.6 at Mount Rainier National Park and Snoqualamie Pass in summer are a result of the overestimates of OA at these two sites.
Conclusions and Discussions
[33] Present-day aerosol levels over the United States are simulated using the chemical transport model , À20.4%). Predicted BC has a low bias (NMB: À24.2%) in the western (west of 95°W) and a high bias (NMB: +28.7%) in the eastern United States. The model has the poorest performance in predicting nitrate aerosol, with NMBs of +75.6% and À54.4% in the western Figure 7 . Annual mean ratio of SOA mass to total SOA concentration at the surface layer resulting from the oxidation of (a) hydrocarbon classes I-III, (b) class IV, (c) class V, and (d) isoprene. See Table 2 for the definition of hydrocarbon classes I -V. À ] [Malm et al., 1994] , second row), BC (third row), and PM 2.5 mass (calculated using equation (3) in the text, fourth row). For scatterplots, concentrations of each species are given in Tables 4 and 5 . Sites in the western and eastern United States are indicated by black and red data points, respectively. The boundary between the western and eastern United States is taken as 95°W. The solid line represents the y = x relation. The regression equation and correlation coefficient R for linear fit through origin are indicated. and the eastern United States, respectively. The uncertainties with the emission inventories, heterogeneous reactions, as well as the bias intrinsic in the IMPROVE nitrate measurements might have influenced the comparisons between modeled nitrate concentrations with observations.
[34] Formation of SOA from terpenes and ORVOCs [Chung and Seinfeld, 2002] and isoprene [Henze and Seinfeld, 2006] is considered in this study. Levels of simulated OA (POA + SOA) lie mostly within the range of IMPROVE measurements. Concentrations and seasonal variation of OA over the eastern United States are simulated reasonably well, but OA is underestimated at the western sites. A sensitivity study shows that underestimation of POA emissions might be the cause of underprediction of OA in the western United States.
[35] Predicted SOA concentrations are comparable to those of nitrate and BC throughout the United States. On an annual basis, SOA is predicted to contribute 10-20% of PM 2.5 mass in the southeastern, as high as 38% in the northwestern, and about 5 -15% in the rest of the United States. The SOA fraction of PM 2.5 has a strong seasonal variation, peaking in the months of June -September. SOA formation from isoprene is predicted to contribute about 30-35% of surface layer SOA formed over the southeastern and northwestern United States, the two areas with the highest SOA levels. Overall, isoprene is predicted to contribute 49.5% of the biogenic SOA burden over the United States.
[36] The results presented here indicates that the GISS GCM III/GEOS-CHEM model is a suitable tool for simulating aerosols over the United States in the present climate and lend support for evaluating effects of climate change on future aerosol levels. A number of factors contribute to uncertainties in the current results. The first factor is uncertainties in gas and particle emission inventories that underlie any prediction of climatological aerosol levels; such inventories are undergoing continuing improvement. A second factor relates to the applicability of laboratoryderived SOA yields to the ambient atmosphere. Recent laboratory chamber experiments have significantly approached ambient conditions in terms of concentration levels of hydrocarbon precursors and NO x conditions. The NO x level has been found to be crucial to SOA yield, and recent studies more closely approximate ambient hydrocarbon to NO x ratios. Whereas the data on isoprene SOA yield reflect these latest findings, the parameters employed for the other biogenic hydrocarbon precursors do not necessarily reflect the strong NO x dependence of SOA yield. Thus future studies are needed to better evaluate SOA yield of terpenes at the low NO x levels characteristic of remote regional areas. Cloud processing of isoprene oxidation products [Lim et al., 2005] has not been considered here; these could increase predicted SOA yields from isoprene. Condensation onto other (nonorganic) aerosol species could increase SOA formation from all precursors [Tsigaridis and Kanakidou, 2003] . Finally, we have investigated here only SOA from biogenic hydrocarbon precursors; as noted, the contribution from anthropogenic aromatics is the subject of future work.
